In this paper, microdroplet evaporation in the closed digital microfluidic systems is studied for hydrophobic and hydrophilic surfaces. The contact angle and contact radius are measured by an enhanced automated polynomial fitting approach. It is observed that the contact angle for both hydrophobic and hydrophilic surfaces remains constant during the evaporation process. However, a higher evaporation rate is observed for hydrophilic droplets compared to the hydrophobic droplets. Since no contact line pinning is observed, first, an analytical model based on the uniform vapor mass flux along the liquid-vapor interface is proposed. Interestingly, it is observed that in the hydrophobic case, the analytical model gives a higher evaporation rate, whereas for the hydrophilic case, the analytical model gives a lower evaporation rate. The discrepancy between the results of the analytical modeling and the experimental values is hypothesized to be due the constant flux assumption. To verify the hypothesis, a finite volume-based numerical model is developed to find the local flux along the liquid-vapor interface. The numerical modeling results confirm that for hydrophilic droplets, the evaporation flux increases very close to the three-phase contact line. In the case of the hydrophobic droplets, on the other hand, the flux decreases close to the contact line due to vapor saturation; as a result the uniform flux assumption overestimates the mass loss.
Introduction
Microfluidic devices have emerged as a powerful technology for handling a small volume of fluid. Conventional microfluidic systems use a continuous flow of fluid in microchannels [1, 2] . In digital microfluidic systems, however, microdroplets are transported on a planar arrays of electrodes [3] [4] [5] . The actuation force for microdroplet motion is provided by numerous methods including electrowetting-on-dielectric (EWOD) [6] , dielectrophoresis [7, 8] and thermocapillary [9, 10] . Currently, there are two configurations for digital microfluidic systems: open and closed systems. In closed systems [11] , also known as two-plate systems, the microdroplet is positioned (sandwiched) between two plates patterned with electrodes (see figure 1) . In open systems [12] , also known as single-plate systems, microdroplets move on top of a planar surface (see figure 2) .
Among all the actuation mechanisms, EWOD has been used extensively due to the enhanced control and localization. In EWOD digital microfluidic systems, droplet motion is enabled by manipulating the microdroplet interfacial properties via applying a sequence of actuation voltage to the electrodes. To limit the current and power consumption and prevent electrolysis, the actuation electrodes are covered by an insulating (dielectric) layer. Typically, an additional hydrophobic coating is deposited on top of the insulating layer to make the solid surface hydrophobic and reduce friction. Although both closed and open digital microfluidic configurations have their own advantages, closed systems show more feasibility for a wide range of microdroplet operations (such as dispensing, moving and splitting).
In recent years, these platforms have been considered for numerous biomedical applications [13] [14] [15] [16] [17] [18] [19] [20] [21] including proteomics due to their enhanced scalability and reconfigurability. As part of this recent trend, it has been shown that the tedious proteomics processes (such as sample preparation for matrix assisted laser desorption/ionization mass spectrometry (MALDI-MS)) can be automated using the digital microfluidic technology: the microdroplets are transported to target areas and the proteomic sample is allowed to dry on a device surface through evaporation. After rinsing the surface with another microdoplet, the remaining analyte on the surface can be analyzed by MALDI-MS [22] [23] [24] . Therefore, on-chip microdroplet evaporation is a crucial step in the digital microfluidic-based proteomic analyses, and understanding the evaporation process eventually contributes to the optimized device designs.
Numerous research efforts have focused on studying the temporal change of the sessile droplet volume and contact angle during the evaporation. As one of the earliest work, Birdi et al [25] studied the water droplet evaporation rate on a glass substrate by weighting the droplets. They observed that the evaporation rate of sessile droplets depends on the contact radius, and it remains mostly constant during the process. Later, they observed a constant evaporation rate for sessile droplets of water on glass and n-octane on Teflon surfaces due to the contact line pinning [26] . Shanahan and Bourges identified several distinct stages for water droplet evaporation on the polyethylene and epoxy resin surfaces [26] . In their work, they characterized the evaporation by measuring the droplet height, contact angle and contact radius, and observed that in the longest evaporation stage, evaporation reduces the droplet height in the presence of the contact line pinning. Rowan et al observed a linear decrease in the contact angle and height over time for water droplets on poly methyl methacrylate and also for three types of alcohols on Teflon [27, 27] .
Numerous modeling efforts have been directed toward predicting the droplet evaporation rate. Since both Fick's law [25] and the Maxwell equation [28] satisfy the Laplace equation, the analogy between the diffusive concentration fields and electrostatic potential fields has been used to find the evaporation rate for a sessile droplet [29, 30] . In this analogy, vapor concentration distribution around a spherical sessile droplet can be estimated similar to the electric field distribution around the top half of an equiconvex lens. In another evaporation model proposed by Bourges and Shanahan [31] , the concentration gradient around a sessile droplet was assumed to be the same as that obtained for a hemispherical droplet of same radius. However, this assumption is not valid for flat droplets as the evaporation flux along the interface is not uniform. The vapor-phase diffusion model proposed by Birdi et al [25] was used by Rowan et al to estimate analytically the evaporation rate for spherical cap shaped droplets. Their modeling results agreed with the experimental data for droplets with large initial contact angles [32, 27] . Erbil et al developed a model for droplets by considering a 'pseudo-spherical-cap' [33] . Deegan et al developed an analytical model for spherical droplet shapes by neglecting the evaporation flux distribution along the droplet interface [34, 35] . They showed that the coffee ring effect happens due to the outward flow inside the droplet driven by solvent evaporation. Later Hu et al developed an accurate finite element method analysis for spherical droplet evaporation by considering a non-uniform distribution of the evaporation flux [36] . The results obtained from their model agreed with the literature data without any parameter fitting. In a recent study, the evaporation behavior of water droplets on various surfaces covering a wide range of wettabilities has been studied [37] . To include the effects of surface condition on the evaporation rate, a new functional form for the evaporation rate has been proposed, and hence, the change in the drop volume on different surfaces has been accurately predicted.
Despite the general success of previous studies conducted on the evaporation phenomenon for droplets, these studies have all focused on microdroplets sitting on a solid surface. The goal of this paper is to study microdroplet evaporation in closed systems (consisting of a droplet sandwiched between two plates). In this work, hydrophobic and hydrophilic droplets are studied by measuring the contact angle and contact radius over time to understand the underlying physics around evaporation in such systems. To adapt the current measurement techniques to the new geometry, a new contact angle measurement technique presented in our previous work [38] is used. It is observed that microdroplet contact angle remains constant during evaporation for both hydrophobic and hydrophilic cases. Based on this observation, an analytical model based on Fick's law is presented. In this model, the local evaporation flux is assumed to be constant at the airdroplet interface. Since the Bond number is small in the digital microfluidic systems, the droplet interface can be assumed to be a spherical cap. The results of the analytical model are then compared to those obtained from experiments. It is shown that the assumption of the constant flux causes the discrepancy observed between the analytical model and experimental results. Therefore, a numerical model is used to calculate the vapor concentration outside the microdroplet. Thus, the local concentration gradient at the interface and the resulting evaporation flux are calculated. The numerical results verify that the evaporation flux is constant except near the three-phase contact line. Also, the local flux shows different trends for hydrophobic and hydrophilic cases.
Theory
At the droplet-air interface, the liquid evaporates into the ambient air due to the rapid exchange of the molecules between the liquid and its vapor. The vapor mass concentration, c, in the thin saturated region adjacent to the liquid-vapor interface is equal to the saturation value, c v . Far from the droplet, vapor concentration approaches the ambient value, H r c v , where H r is the relative humidity of the ambient air. This concentration gradient drives diffusion-based evaporation as expressed by the diffusion equation
where D v is the vapor diffusivity and t represents the time. For a stationary droplet, there are three sources for the convection effects: (1) thermal non-uniformity, (2) concentration gradient and (3) tangential stress due to electric field. None of these effects are present in the system under study as (1) the temperature of the solid surface, droplet and the gas are the same, (2) surfactants are not used, and therefore, there is no gradient of surface tension, and (3) the droplet is conductive, and hence, the tangential component of the stress due to the electric field (at the interface) is zero. The time required for the vapor concentration to adjust to the changes in the droplet shape is of the order of [39] 
where a is the contact radius (as shown in figure 3 ). The evaporation time, on the other hand, is proportional to
Therefore, the ratio of these two timescales will be
Since this number is small (O(10 − 5)) in the proposed system, the water vapor concentration adjusts rapidly compared to the time required for droplet evaporation. Thus, the water evaporation can be considered to be at a quasi-steady state. As a result, the transient term in equation (1) can be neglected, and the Laplace equation for the vapor distribution is obtained as
At the liquid-vapor interface, the local evaporation flux, J, is expressed as
The evaporation rate is obtained by integrating the local flux over the interface area as
It should be mentioned that the above derivation assumes that the evaporation rate is slow enough to consider the droplet temperature and hence the values of the parameters c v and D v to be constant.
Experiment

Device fabrication
The digital microfluidic system is comprised of two separated glass plates with 45 nm thick copper electrodes. The electrode length is 2 mm, the distance between two electrodes is 100 μm and gap spacing is 480 μm. The electrodes are coated with a PDMS layer which can play the role of dielectric and hydrophobic. Microdroplets of 0.1 M KCl, which is commonly used in digital microfluidics, is positioned between these PDMS coated electrodes. The initial contact angle of the droplet is more than 90 • . The electrodes are then activated by a high voltage dc power supply (Stanford Research System, PS350) that is triggered by a relay (SANYOU, DSY2Y-S-205 L) and a computer. As a result of the applied voltage (in the order of 300 V) to the underlying electrodes, the microdroplet becomes hydrophilic due to the EWOD effect. It has to be mentioned that there is no Joule heating in EWOD since the dielectric layer covering the electrodes blocks the dc electric current. The contact angle values of the microdroplet are determined by means of imaging using a microscope (Leica Z6 APO) which is connected to a high-resolution digital CCD camera. All experiments presented in this work are repeated three times for reproducibility and experimental validation. 
Contact angle and radius measurement submodules
In this paper, the enhanced automated polynomial fitting approach proposed in previous work [38] is employed. This method is the only available method for contact angle measurements in closed digital microfluidic systems. In this method, the microdroplet profile is extracted from the highly magnified images using the Canny method [40] . The camera is slightly tilted to capture the reflection of the droplet [41] . This reflection is required to detect the contact point which is critical for an accurate measurement of the contact angle. In the next step, a series of coordinate points are selected, starting at the contact point, and a polynomial is fitted to the selected pixels. Different orders of polynomials were examined. The third-order polynomial (as suggested by the original automated polynomial fitting method [41] ) was also used since it produces the highest correlation coefficient. However, it has been found that the optimum number of points for fitting depends on the pixel to the radius ratio and the magnification ratio of the microdroplet in the image. Unlike the original APF method, which uses 130 coordinate points for all the images (acquired with different magnifications), the new program calculates the optimum number of the points for every image based on the correlation coefficient. This way the results will be independent from the image resolution and magnification ratio.
Experimental results
It has been previously reported that hydrophilic and hydrophobic sessile droplets show different evaporation trends in terms of the change of the contact angle over time [42] : for the hydrophobic droplets, the contact angle remains constant during evaporation while the drop diameter shrinks, whereas, for the hydrophilic case the contact diameter remains constant and the angle reduces. In this paper, evaporation trend is experimentally investigated for the covered systems. shows the results obtained for hydrophobic and hydrophilic cases. For both cases the contact angle remains constant. This is a new finding as it has been previously reported that hydrophilic and hydrophobic droplets show different contact angle change trend over time. It has been reported that for the case of a sessile hydrophilic droplet the contact angle remains constant, and in the hydrophilic case the contact radius remains constant. It should be mentioned that in these experiments, the PDMS layer was smooth enough to prevent the triple line pinning.
The measured volumes over time for the hydrophobic and hydrophilic droplets are shown in figure 5 . As it can be seen here, the evaporation rate is higher for the hydrophilic droplets compared to the hydrophobic cases. When the surface is hydrophobic, the space between the solid-vapor interface and the liquid-vapor interface is constricted, and a rapid saturation of vapor near the three-phase contact line is likely to occur. This will explain the lower evaporation rate in the hydrophobic cases. The liquid-vapor interface area for the hydrophobic and hydrophilic droplets are 2.74 mm 2 and 2.71 mm 2 , and the initial fluxes for hydrophobic and hydrophilic droplets are 0.292 × 10 −6 and 2.33 × 10 −6 g mm −2 , respectively. Therefore, as it is observed, initially, the hydrophobic droplet has a low evaporation rate.
Modeling
Analytical model
Since the contact angle remains constant, and the contact line is not pinned, the constant vapor mass flux can be assumed along the liquid-air interface. As it is shown in figure 6 , under the constant contact angle evaporation regime (in the digital microfluidic geometry), during some interval of time, the hashed region will be removed from the droplet and the interface will evolve from the solid line to the dashed line. The remaining question is the value of this constant mass flux. For a sessile spherical droplet, it has been shown that the local flux can be assumed as
where r is the radius of a sphere. The use of equation (8) raises two questions related to the validity of the assumptions of spherical drop shapes and the uniform flux. To verify the spherical shape for the droplet, the Bond number which presents the effect of the ratio of the gravitational and surface tension forces, Bo = ρgH 2 /γ , must be calculated. In our analysis, the Bond number is approximately 0.03, and hence it can be assumed that the effect of surface tension is dominant. Therefore, it can be assumed that the droplet-air interface is close to the spherical shape. Based on this assumption, the analytical calculation can be conducted for both hydrophobic and hydrophilic droplets. Here, we present the calculations for the hydrophobic droplets, and a very similar approach can be taken for the hydrophilic cases. The radius of the interface in terms of the droplet contact angle and the channel height can be written as
and assuming the uniform flux, equation (7) becomes
The rate of the change in the droplet volume can be expressed as
where
The droplet volume can be related to the droplet contact radius a as
and
Equation (11) can be solved for a using an explicit numerical algorithm which results in
where superscript n and n + 1 refer to the values at time t n and t n+1 , respectively. Since it was observed that the droplet contact angle remains constant during the evaporation, the solution of equation (16) becomes simpler. After finding the updated volume, V n+1 , the updated contact radius, a n+1 , can be found from equation (13).
Numerical model
In this work, a finite volume approach [43, 44] is used to calculate the evaporation flux distribution at the microdroplet interface by expressing the partial differential equations in the volume integral form. Discretization is based on the evaluation of the volume integrals over small control volumes, and the overall solution is represented by the control volume averages. A volume integral form of the Laplace equation (5) can then be written as
where CV represents the control volume and ∂CV represents the control volume cell boundary. The divergence theorem allows the volume integral within the interior to be performed as a surface integral over the control volume cell boundary. The details of the numerical procedure are explained elsewhere [45, 46] . The numerical implementation of equation (17) is explained in the appendix.
Modeling results
The analytical model is used to calculate the contact radius and droplet volume over time. The results are shown for 1.2 μl droplets of 0.1 M KCl on PDMS with contact angles shown in figure 4 . In figure 7 , the microdroplet contact radius calculated from the analytical model is compared to the experimental values for the hydrophobic and hydrophilic droplets. In the hydrophobic case, the analytical model gives higher evaporation rate, whereas for the hydrophilic case, the results obtained from the analytical model suggest a lower evaporation rate. As it is shown in figure 8 , this trend is confirmed by the calculated microdroplet volume over time. The observed discrepancy is due to the uniform flux assumption in the analytical model. It has been previously observed that for the hydrophilic droplets the evaporation flux increases very close to the surface [39] . Therefore, by assuming a constant flux, the model underestimates the total mass loss.
In the hydrophobic case, on the other hand, since the vapor is rapidly saturated near the contact line, the flux decreases close to the contact line. Thus, the uniform flux assumption overestimates the mass loss. The above hypothesis explaining the observed discrepancy between the analytical model (based on assuming uniform flux) and experimental results can be confirmed by a numerical simulation of the vapor concentration field, and finding the local (non-uniform) flux at the interface. The results of the numerical simulation are shown in figure 9 . As it can be seen here, the hydrophobic and hydrophilic droplets show different trends for the vapor mass flux adjacent to the droplet-air interface. For the hydrophobic case, the local flux decreases closer to the three-phase contact line, whereas for the hydrophilic case, it increases.
To improve the accuracy of the analytical model, these numerically calculated flux distributions can be fitted to the equation proposed by Deegan et al [34, 35] as
where R m is the radius at the center of the droplet (as shown in figure 3 ), and J 0 and λ are the fitting parameters. For the hydrophobic droplets, the values of J 0,hydrophobic = 0.45×10 
In this equation, R(z) for hydrophobic droplets is expressed as
and for the hydrophilic droplets it can be written as
The results presented in figure 10 show that the non-uniform flux approach provides a more precise approximation for the evaporation rate and microdroplet mass loss over time. 
Conclusion
The microdroplet evaporation mechanism in the closed digital microfluidic systems was studied for both hydrophobic and hydrophilic droplets. It was observed that in the course of evaporation the contact angle remains constant with no contact line pinning for both hydrophobic and hydrophilic cases. The experimental results indicate that hydrophilic droplets have a higher evaporation rate compared to the hydrophobic droplets. The modeling results show that the mass loss flux along the liquid-vapor interface is not constant, and depending on the surface interfacial properties, it will decrease (for hydrophobic droplets) or increase (for hydrophilic droplets) close to the three-phase contact line. This study is vital for controlling and optimizing digital microfluidic devices for different processes including proteomic analyses.
Appendix. Detail of the numerical method
The implementation of equation (17) is shown in figure A1 , and this equation can be written in discrete form for the control volume cell (i, j) as ∂CV (i, j) J · n ds = J (i+ 
